Eleven steel grades were designed to be used as metallic interconnects for Solid Oxide Fuel Cells (SOFC). Low carbon, high chromium steel with different additives of niobium, vanadium, aluminum, molybdenum, silicon, manganese and titanium were produced. Phase transformation temperatures; eutectoid temperature (Ac1) and temperature at which transformation of ferrite to austenite is completed during heating (Ac3) were measured by L75-76 dilatometer. The influence of the alloying elements on transformation temperatures was analyzed using MATLab. Considering the interaction between different alloying elements two equations for predicting Ac1 & Ac3 were obtained. The obtained Ac1 & Ac3 by these equations showed more compatibility than that obtained by traditional ones. In addition, the coefficients of thermal expansion of these steel grades were detected. The influences of chemical composition and temperature on the thermal expansion coefficient were analyzed; the obtained equations were verified to certain extent by using several kinds of steels. The predicted values were in good accordance with the experimental results which proof the validation of calculation model.
ternal Diffusion (ID) mechanism) [3] . The lower operating temperature authorises metallic alloys as possible candidates for interconnects [4] . Solid oxide fuel cells (SOFC) are environmental friendly energy conversion device with high efficiency and prolonged-ranging fuel utilization [5] . The thermal expansion coefficient (TEC) of interconnects should be around 10 -13 × 10 −6 K −1 [6] [7] . It was reported that the rare earth elements and their oxides can be used to decrease the oxidation rate [8] [9] .
Metallic materials have higher electrical and thermal conductivities, are easier to fabricate, and, in general, have lower cost compared to the ceramic interconnects [4] [10] . Chromium is the most important element because of the formation of chromia as protective and semiconducting layer. The presence of other elements could improve the characteristics of this layer, limiting the growth rate and the acceptable area-specific resistance (ASR), reducing the poisoning of the electrodes due to the oxidation gaseous species (CrO 3 or CrO 2 (OH) 2 ) at temperatures close to 1000˚C and higher [11] [12] , but also observed at lower temperatures due to the severe operation conditions, such as the presence of water vapor [11] [12] [13] [14] [15] . The formation of a protective, single-phase chromium layer requires chromium content of approximately 17% -20% [10] [16]- [21] , depending on the temperature, surface treatment and minor alloying additions.
Mn and Ti are used in a few tenths of the percent to improve the oxidation resistance. Mn tends to form a Cr-Mn spinel on the external surface layer to decrease the formation of volatile Cr species [10] [11] [17] [22] [23] [24] .
Although the influences of chemical composition on transformation temperatures have been studied since the 1960s and several equations suitable for different situations were deduced by analyzing the corresponding data of hundreds types of steels [25] [26] [27] , these classic equations were not high precise and not effective, as these analyses were too general and many types of steels were involved. Furthermore, as these analyses were mainly multiple linear regressions, the interactions of the alloying elements were seldom considered. In view of these facts, the phase transformation temperatures of SOFCs steel were studied systematically in this research. Two equations were obtained to predict Ac1 and Ac3 considering the effect of chemical compositions. The predicted Ac1 and Ac3 by designed equations are compared with the traditional ones.
In the case of SOFCs steel, small thermal expansion is required because higher coefficients always mean higher stresses during the periodic process of heating and cooling. Generally, coefficients of thermal expansion of steel will increase along with the increase in the total content of the alloying elements. The influences of the interactions of the elements on the coefficient are more complicated.
Therefore, the thermal expansion coefficients of the samples at annealed state are also measured. Model has been established to predict the thermal expansion coefficient as a function of chemical composition and temperature. The novelty of this work; the effect of the interaction combination among different alloying elements and/or temperature on Ac1, Ac3 and thermal expansion coefficient was J. Minerals and Materials Characterization and Engineering taken into consideration.
Experimental
Eleven developed ferritic stainless steel (SOFCs) with different refractory alloying elements additives were melted in induction furnace of capacity 10 kg and cast in sand mold. Complete chemical analysis has been carried out for all cast steels. The cast steels were normalized at 1000˚C for 4 hours, followed by open radial forging. Ingots with square diameter 65 mm were hot forged to about 35 mm square. The steel were reheated up to 1200˚C and hold for 2 hours before start forging. Starting forging temperature was 1150˚C while forging process was ended at temperatures 950˚C.
Thermal expansion measurements were carried out with L75-76 dilatometer.
The specimens were prepared by machining from each steels to form a rectangular shape with the dimensions (3 × 3 × 30 mm) and polished through 600 grit prior to testing. Ac1 & Ac3 are estimated from the expansion curve against the temperature. The change in coefficient of thermal expansion was recorded during heating of the sample from room temperature to 1000oC and cooling from 1000 to 500oC. Two square matrices-of 10th degree-were designed as function of alloying elements and measured Ac1 or Ac3. Also, High order square matrix was designed between the alloying elements, thermal expansion coefficient at each temperature. MATLab was used to solve these higher order matrices to get Ac1, Ac3 and thermal expansion coefficient as function in alloying elements (for Ac1 and Ac3) and temperature (Thermal expansion coefficient).
Result and Discussion
The chemical composition of developed SOFCs ferritic steel grades are listed in Table 1 . With L75-76 dilatometer, the transformation temperatures Ac1 & Ac3 of the investigated steels were measured, and the results are shown in Table 2 .
The data listed in Table 1 and Table 2 was analyzed using MATLab. The relationships between the chemical composition and phase transformation temperatures, Ac1 and Ac3, were studied, where two corresponding equations were deduced as follows: 
From Equations (1) & (2), it can be seen that, the carbon has a positive effect The coefficients of thermal expansion (α) of annealed SOFCs steel grades at different temperatures are listed in Table 3 . On the basis of the data listed in Table 1 and Table 3 , the influences of chemical composition and temperature on the thermal expansion coefficient of different steel grades were studied, and an equation was deduced to predict the thermal expansion coefficient as a function of alloying elements and temperature as given in Equation (3 
From Equation (3), it can be noticed that: Mn, Si, Mo, Cr and C have a tendency to increase α, but the increasing effect is restrained by the presence of Al and carbides of Mn, Nb, Mo, Nb, Ti, V . At the same time the temperature has small effect on increasing coefficient of thermal expansion.
In this section, the calculated thermal expansion by Equation (3) is compared by that obtained by applying the traditional Equations (4)- (5) , which were given by Andrews [20] [21] and modern Equations (6)- (7) given by XIE Hao-jie [28] : It should be mentioned that Equation (4) and Equation (5) were obtained by considering the influence of every single alloying element on the corresponding phase transformation, temperature only, whereas, Equation (6) and Equation (7) were deduced with consideration of the interaction of the alloying elements.
On the basis of the chemical composition of different steel grades as listed in Table 1 , the phase transformation temperatures (Ac1 & Ac3) of the steels were calculated using Equations (1)- (2) and Equations (4)- (7) . The calculated values of both Ac1 and Ac3 are listed in Table 4 and represented in Figures 1-2 respectively. Figure 1 . Variation between the measured Ac1 values with the estimated values of the authors (Equation (1)), Andrews [20] [21] (Equation (4)) and XIE Hao-jie [28] (Equation (6)). (2)), Andrews [20] [21] (Equation (5)) and XIE Hao-jie [28] (Equation (7)). It can be noticed that as illustrated in Figures 1-2 , the values obtained by Equations (6)- (7) are more close to the measured one than that obtained by Equations (4)- (5) . This is because Equations (6)-(7) take into consideration the interaction between the elements. On the other hand, the values calculated by the current work, Equations (1)-(2), are more consistent with the experimental values than that obtained by Equations (4)- (7) .
Figure 2. Variation between the measured Ac3 values with the estimated values of the authors (Equation
The measured thermal expansion coefficients of the investigated annealed SOFCs steel grades were compared with that estimated by Equation (3) which designed by current work and Equation (8) which designed by XIE Hao-jie [28] .
The measured and estimated values of thermal expansion coefficients are given in 
It can be noticed that, for the steels tested in this experiment, the predicted values by current work equation, Equation (3), are more consistent with the experimental values than that obtained by Equation (8) . This may be due to Equation (3) take into consideration the effect of the carbon and Aluminum.
Conclusion
It is difficult to build up equation to predict Ac1, Ac3 and thermal expansion coefficient for a wide range of chemical compositions of different steel grades.
But it is possible to build up Equations to predict Ac1, Ac3 and coefficient of thermal expansion for limited chemical composition range for certain steel category. For SOFCs steel grades, within range of chemical compositions (0.0506% -0.101% C, 0.354% -2.2% Si, 0.0808% -1.55% Mn, 25.1% -33.01% Cr, 0.0427% -1.1% Mo, 0.0001% -1.5% Al, 0.0004% -0.0923% Nb and 0.0177% -0.0433% V) Ac1 and Ac3 Eqns. were deduced as a function in chemical composition. It could be concluded also that, coefficient of thermal expansion can be predicted as a function in chemical composition and temperature.
